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THE PROBLEM

Determine simple methods for rating noise in ship-
board spaces in relation to its interference with speech
communication.

RESULTS

1. Representative samples of ship, office, and shop
noises were recorded, measured, and analyzed.

2. Naval ship spaces tend to be noisier than civilian
spaces where equivalent communicating jobs are performed.

3. Sixteen noises were selected out and adjusted in
intensity to be equally speech~interfering. Simple phys-
ical measurement and calculations on these 16 eqguaily
speech~-interfering noises showed that Speech Interference
(SI) could be measured:

a. best by a ‘—aging the Sound Pressure Levels
* (SPL) in mid-frequenc_ octaves (300 to 600, 600 to 1200,
1200 to 2409 cycles per second (c/s)), called the Speech
Interference Level (SIL) method;

b. next best by using weighting neiworks A or Din
3 in Sound Level Meters, or by finding the SIL (averaging
the SPL's) in the octaves from 3C0 or 600 to 4800 c/s.

c. least well by fitting spectral noise peaks to
Noise Criterion rating curve contours of which the Noise
Criterion Aiternate (NCA) was better than the conventional
Noise Criterion (NC) or Internationai Standards Organiza-
tion (ISO) contours.

4. More complex physical measurement or calculation
on the 16 equally speech-interfering noises showed that
Speech Interference could be measured well by Articula-
tion Index (AI) methods. Simpler 5- and 6-octave methods
employing a generalized spe=ch spectrum were almost as
good as the more elaborate 20-band method using the actual
speech spectrum utilized in this experiment.

5. Speech Interference could be predicted well by using
families of NC, NCA, or ISO curves if:
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a. only that part of any of the curves that centered
at 500, 1000, and 2000 c/s were used;

b. the curves "'averaged through' spectral peaks
and valleys of the noise spectra.

6. For speech in quiet, half the intelligibitity lies in
frequencies above and below some value at or betwzen 1600
and 1900 ¢/s. As the ratio of speech to noise inter sity
deteriorates, the frequency that divides the speecl spectrum
into two equal halves (as regards contribution to sieech
intelligibility) drops from 1600 or 1900 c/s to aboivt 800 or
1000 c/s.

7. A new Speech Interference (SI} ncise ratiuz contour
was developed thai could be used in any of the conventional
ways of measuring Speech Interference, namely:

a. to estimate the SIL;
b. as a weighting network for a Sound Level Meter;
c. as a noise-rating contour.

8. The new SI contours rated the Speech Interference
effects of the 156 noises as good or better than any previous
metncd, and in addition resolved many of the extreme dif-
fererces among the three speech interference rating methods.

8. The new Speech Interference Contours are not dras-
tically different from theoretical extensions of the Al cal-
culation method.

10. Thermal noises (TN) witi ;pectra shapes of -12,
-6, and +6 dB per octave (TN-12, TN-6, TN Flat, and
TN+6) are representative of the steady-state noises in the
criginal 19 nvises.

11. The 16 equally speech-interfering noises were
neither equally loud nor equally annoying.

12. Maximum noise level for face-tc-face communica-
tion is a 500/!000/2000-c/s SIL of 35 dR.

13. Maximum 500/1006G/2000 SIL. for speech communi-
cation when using good "'noise-proofed, " sound-powered-
phones is:
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a. 84 dB i the talker is in the quiet and the listen-
er is in noise;

b. 94 dB if both the talker and listener are in ncise;

c. 114 dB if the talker is in noise, the listener in
quiet.

14. Amplified speech communication with earphones is
possiblie in a 500/1000/2000-c/s SIL of 120 dB if use is made
of noise-cancelling dynamic or condenser microphones,
noise shielcding at mouth and ear, a speech bandwidth of
three octaves or greater centered between 1000 and 180G c/s,
a low sidetone level, AVC, and peak clipping.

15. Amplified speech communication with l1oudspeakers
is possible in 500/1000/2000-c/s SIL noise levels of 80 dB.
If earplugs or passive earmuffs are worn, this level can be
extended to 95 dB.

RECOMMENDATIONS

1. In using SIL methods to rate ncises, average the
sound pressure levels in the octaves centered at 500, 1000,
and 2000 c/s. This procedurz is a compromise between
the presently used 600 to 4800-c/s range and the range
found to be best in this study, the 300 to 240C-c/s range.

2. Use the newly developed SI contours as:
a. a new weighting method for Sound Level Meters;

b. extensions of the existing noise-rating contours.
3. Use of the SI contcurs should be evaiuated in work-
ing ships‘ spaces.

4. Louduess and annoyance aspects of noises should be
considered in future extersions of this work.

5. Spaces where conversatinns cannot be carried on in
comiort at 3 feet are too noisy for tasks requiring face~to-
face communications. In general this is when the average
noise level 'n the octaves, centering at 500, 1000, and
2000 c/s (the 500/1000/2000-c/s SI..), exceeds 70 dB.

6. If the 560/1000/2000-c/s SIL exceeds 90 dB, the
wearing of }:iearing protection should be mandatory.
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PREFACE

This report consists of seven reprints of papers in
professional journals pius collateral and supplementary
material. Because of tims there will be some duplication,
and the historical and/or logical order will not always be
followed strictiy.

The problem in terms of a real naval environmental
control problem is stated in Section I (Introduction). The
evidence that the problem really exists is presented in Sec-
tion II (a summary of noise surveys aboard a number of
ships). Sections IlI, IV, and V are reprints of papers deal-
ing with two experiments on the physical and speech-inter-
fering p. operties of diverse spectrum noises.

Section VI gives some details on psychophysical
measursment metihods for noises.?* Section VI, which
has been submitted for publication, and Sections VIII and
IX (reprints), propose new ways oi measuring the speech-
interfering properties of noise.

Section X shows the important frequency regions in
noise-masked speech in terms of where in the speech im-
pairment-handicap-disability scale the criterion is chosen.

Section XI summarizes speech capabilities in noise
and is based primarily on evaluations of the speech intel-
ligibility of numerous communication systems and compo-
nents.

* See list of references at end of report.
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INTRODUCTICN

The Bureau of Ships has specifications®® limiting
the levels of noise in various ship spaces and for emission
of noise by equipment. These specifications are based on

. considerations of the effects of noise on communications
and on the potential deafening effects.

This report reexamines the question of speech inter-

. ference effects of noise with a view toward simplifying the
noise level measurement procedures. To¢ accomplish these
tasks: (1) noise levels in a number of shipboard spaces
were measured aboard cperating ships (and reviewed from
other shipboard measurements) (Section II); (2) represent-
ative aircraft, ship, machinery, and office noises were
collected (Section III); (3) 12 of these noises plus four lab-
oratory-generated noises were then spectrum-analyzed
(Section III); (4) intelligibility tests were conducted to find
the levels at whicl: these 16 noises interfered equally with
speech (Section III); (5) *he 16 noises were subjected to a
number of simple analyi.cal physical tests and measure-
ments to find a physical measurement which agreed that the
noises were equally speech-interfering (Section III); (6) the
variability among estimations of the average noise level
obtained from observers reading moving coil meters was
determined {Section IV); {(7) complex calculation schemes
based on physical measures were applied to the 16 noises
(Section IV); (8) psychophysical measurement schemes were
applied (Section VI); and {9; a new set of speech Interference
Criteria was developed (Sections VII, VIII, and IX).

On the basis of this reexamination, two summary
papers were compiled that concern the important frequencies
in noise-masked speech (Section X) and noise limitati ‘ns on
speech {Section XI).

Related studies were conducted to determine the
relationships between (1) noise levels and speech levels, 4
and (2) the angle between talkers and listeners in face-to-
face communications.®'® These are presented in Appendixes
A, B, and C.

wr

REVERSE SIDE BLANK I-11




MEASUREMENT OF SHIP NOISES

e

To obtain experience with the kinds of ieveis of ]
noise aboard ships, noise levels were measured on three
Navy vessels, the aircraft carriers USS ORISKANY (CVA 34)
and USS TICONDEROGA (CVA 14), and the missile cruiser
USS CANBERRA (CAG 2). Measurements were made
during sea trips taken in conjunction with two other prokblems
dealing with communications in the Combat Information
Center (CIC) and on the flight deck of aircraft carriers. To
some degree, therefore, the sampling tended to be concen-
trated in areas occupied by CIC and Air Department person-
nel.

Figures II-1 and II-2 summarize, in histogram form,
157 noise levels measured aboard the three ships. Except
for a few large compartments, each measurement represenis
a single compartment. The uppermost histogram of figure
1I-1 shows the distribution ¢f sverail or C scale leveis.

All measurements were made with calibrated General Radio
Company Type 1551-A or 1551~B Sound Level Meters. The
arrow at 86 dB indicates the median level, The next histo-
gram depicts sound levels obtained with the A weighting 7 of
the sound-level meter for the same set of 157 measurerments.
¥or this distribution the median is 76 dB.

The two lower histograms, fipure II-2, present over-
all (C scale) and A-weighting levels measured in spaces in
which satisfactory speech communication was judged by ihe
measurement team to be important. The 64 measurements
selected from the 157 measurements correspond roughly to
the A category of Ships Specification SI-10.? The median C
and A levels for these spaces are 82 and 79 dB, respectiveiy.

Figure II-3 presents histograms of noise levels
measured by Jensen and Soroka aboard the aircraft carrier
USS CORAL SEA (CVA 43).® The upper histogram is based
on overall levels calculated from listed octave band ievels
and the lower histogram is based on Speech Interference
Levels® of the same measurements., Median levels are 93
and 73 for the two distributions of 60 measurements each.

Additional data on noise levels aboard U. S. Navy
ships are available in reports firom the Materiz2i Laboratory,
New York Naval Shipyard.10 Median overall leveis were
about 84 dB for 44 measurements on USS BORIE (DD 704),
about 90 dB for 20 m=sasurements on USS TIMMERMAN
(EAG 152), and about 80 dB for USS TICONDERQGA for
19 measurements taken with no aircraft in operation.

Speech Interference Levels (the 300 to 4800-c/s,
four-band average) gave median values of 80 ¢B for 29
measurements on USS TIMMERMAN and of 66 dB for 20
measurements on USS TICONDEROCGA.
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Figure II-1. Distribution of noise
levels in reprecsentative compartments
on two aircraft carriers and one heavy
cruiser. The upper histogram is mea-
sured with the C-, the lower with the
A-weighting, of a scund level meter.
Arrows point to mediar values.
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Figure II-2. Distribution of neoise
levels ir only those compartwuents where
speech comnunicaticns were judged to be
necessary on lwo aircraft carriers ang
sne heavy cruiser. The upper histogranm
is measured with the C—-, the lower with
the A-weighting, of a sound level meter.
Arrows point to median values.
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Figure II-3. Distribution of noise
levels abccrd USS CORAL SEA (CVA 43).
The upper histogram represents

C levels, the lower is the average
level in the four octaves from 300 t>
4800 ¢/s, the four—ocitave Speech
Interference Level (SIL).

Arrows point to mediarn values.

A later survey of shipbeoard ncises by the Southwest
Research Institute™ concludes "... that airborne sound
levels generated by machinery items are above specifica-
tions in several shipboard spaces."

Figures II-4 through II-11 summarize the SRI
noise measurements and the BUSHIPS specifications ap-
plicable at the time. The measurements reported were
made aboard the aircraft carriers USS ENTERPRISE (CVA
65), USS FORRESTAL (CVA 59}, USS KITTY HAWK (CVA
63), USS RANGER (CVA 61), ard USS HANCOCK {CVA 19)
from 13859 to 1962; cn various conventional and nuaclear
submarines in 1958 and 1963; and destroyers in 1956 and
1363. The authors measured noise levels only aboard
DD's 849 and 858 and CVS 18 in Alarch 1964. In geaeral
the noises in Category D and I spaces were measured at
fuil power runs and other spaces during "endurance” rur-
ning conditions.

The noise levels aboard merchant ships of the
Netherlands™ and Norwsy™* varied from €5 dB{A) or 95
dB{(C) in cabins to 105 dB{A) or 113 dB(C) in Engine Rooms.

Noise levelz on the navigation (piloi) bridge of 24
German shipsls varied between 70 and 102 dB at 31 ¢/s and
beiwean 40 and 55 dB =2t 20006 «/s, with spectra falling about
10 dB per octave from: 31 to 250 cfs =nd about 5 dB per
octave above 250 c/s. On the average, C levels were 90 dB
at "fuil speed ahead" {volle Fahrt) and 8¢ dB a: ''stop."”
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In summary:

1. Overall levels on three aircraft carriers, a missile
cruiser, and two destroyers ranged from 70 dB to over 120
dB; median sound pressure levels for five different groups
of measurements were 86, 93, 84, 90, and 80 dB.

2. The A-weighting levels taken aboard ¢wo carriers
and a cruiser measured from 54 toc 116 dB with a median

value of 76 dB. Merclant ship values ranged from 65 to
105 dB.

3. Speech Interference Levels for two carriers and
one destroyer measured from 55 dB to 160 dB with median
values of 66, 80, and 73 dB. Ship specifications Section
SI-10° give maximum permissible SIL's of 50, 55, and 60
dB for various sized category A —ompartments (in which
speech communication is iinportant) and 72 dB for category
E compariments (in which deafness avoidance is a consider-
ation, but a certain amount of speech communication is
necessary). Obviously, with median measured SIL's of
66, 80, and 73 dB and estimated* median SIlL.'s of about 66
dB and 62 dB for the data of figure lI-1, the noise leval in
Navy ships is high enough to produce speech interference
problems. It is not surprising that severai noise surveys
conclude with statements to the effect that S[-10 maximums
were exceeded, %1%+ 1

t should be noted that although noise is a probiem
in the Navy, not ail ships or compartments can be classi-
fied as noisy. Brief informal observations aboard the air-
craft carrier GSS RANGER (CVA 61), in June and Aagust
1962, indicated a number of locations that were relativeiy
free of noise {about 50 ¢B on the C scaie of 2 sound-survey
meter). The RANGER is a relatively r 2w ship {commis-
sioned in 1937}, and from the observed widespread use of
sound-~absorbing and sound-isolating material, it arpears
that noise may be a lessened protlem in some iate model
ships.

* For ship noise the median A level appears to e zboui 10
dB below the median C level and the median {four-band SiL
about 10 dB belsw the A level (fig. 1i-i ard [i-2). This
generalization should not be zpplied G individuzal measure-
ments, but probably holds trae icr the gereral ciass of
ship noise because of the ali-pervading inffvence of low
frequency roise from biowers and propuision machinery.
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The sound level of eack of 16 diverse noises was adjusted so that londspeaker-reprodoced rhyme words
at a level of 78 dB(C) 2t one meter wize reduced to SO, word inteilgitility. Spectrum amlvses (octave
band and 2G-cps band), physiczi measurements (C, B,:\. DIX 3 sound-level me:c:ttxgh!mgs), clcalations
i Speech Interference Levels (SIL)], and peak Sttinge {10 noise ariteria {NC)-type carves j were made to
find which method came closest to agresing that the noises were eqmally speech-interfering.

STi. caiculations that incladed the cctave 300-600 cps pradicted the speech-interference 25pects of the
16 nozses best. The A and DIN 3 weizhting networks, the conventiona! {600-4500 cos) ST acd wee cf 2
restricted region &W.&D@)d\mmmgst&mb&m&mmmmm
were the B o C.x::;xxna -weighting retwerks and vee of the NCA, NC, or ISO contours over their total

freqrency range.

INTRGDUCTION

OMPARED to most cwilisn work areas, the

ambient noise level in ship compartents is hign.
Noise in ship spaces comes from 2 variety of sources
sach 2s blowers, panps, generatars, public address
sratems, radio receivers, and men. With the ship under-
w2y, noise in iower-level compartments is augmented
by nolse from the propulsion gear and from hall vibra-
tien. NG2se control s an ever-present problem oa ships.
N<ise coniro! on fonture <ips is 2pt to present even
mtspr&méaew.bcmas&mpo:cam}
of foture wezpon systems. Smplifed nolsejaring
tmethods w3 be needed.

This report reexamines the spesch imterference as-
pects of noise, with 2 visw towards Smpliving nse
ktmmeo;cmﬁﬁa%

)m%ﬂambcméﬂgb@'dz,@m
meascred aboerd osperating Sdps, {2) represeniative
aircrat, S5p, machkmery, and of e noiwes = ool
lacted and spectium amelvzed, (3) mmdfghfity tests
were conducied (0 &nd the beveds 2t xhich 16 of these
nooses interiered egmeily =ith speech, and (§) the 16
noises were schieczed 10 a nmnber of anslviici physical
1ests 2nd measuremnents 10 End 2 physical meastrement
h‘::izgmai&htmcm%meqmﬁvmm-

fring. Closely related stodies were oonducied 0 de-
’crm.. ine the relationship betwesn noise kvel and speech

level required for successial communicatisn in a f20e-to-
face sraaticn!= to determine the variability among
estimations of the average noise level obtained from
observers reaéing moving-coll meters? and to find
psychcphysical mneasarements of the noses that cor-
reiate with speech nterference

1 COLLECTICGN OF NOISE SAMPLES

The first phase of the study to detennine the speech-
interfering properties of <iip noises was to obtamm a
represenistive oellection of recordings of such nses.
The noise fornd 2boerd an afrgafi carmier inciudes
meny of the neises found on other srface shipsand In
28&tm ndodes some pecciar 1o akor=ft. For tids
reason, most of the gip noise ;amples were coliected o
2incr=2it carriers. Recordings were made m Aving speces,
mzimm engineering spaces, and o or

‘I.Cﬂ'ém'adkaﬂm “Efeczs of Amiaent Noise
233 Nexdr Tilkes o 2 Faceto-Face Comoesiaaim Task”
J- Accost. Soc. A, 34, 955 (162

IR.G. Riz=rp and K_‘!.K}m:;u."fs:::_&eélgsﬂd
2 Tsdker o Amess the Spoch Iniminmmer of Andiemt Now™

(-.ob:;-:}.&:nﬁ). .
R G Koo a4 . L. Leconad, “(8seser Vardsty
Rmm\‘c‘s!.ads:ﬁk!!dcx’Sm&—!stssnﬂCa:ﬁd
‘2@.4.’\-’9(‘9‘.31 .
SR. G. Tzmme 2nd 1. C. Wedster, “Predictg Speech Inter-
mm?‘ma‘i?ﬁc&:i:wulllm.. of Anitent
Netee™ 7. Acont. Soc. Am 35, 1138 {4) {19630

1328




